Detailed characterization of denatured states of proteins is necessary to understand the interactions that funnel the large number of possible conformations along fast routes for folding. Nuclear magnetic resonance experiments based on the nuclear Overhauser effect (NOE) detect hydrogen atoms close in space and provide information about local structure. Here we present an NMR procedure that detects almost all sequential NOEs between amide hydrogen atoms (HN-HN NOE), including those in random coil regions in a protein, barnase, in urea solutions. A semi-quantitative analysis of these HN-HN NOEs identified partly structured regions that are in remarkable agreement with those found to form early on the reaction pathway. Our results strongly suggest that the folding of barnase initiates at the first helix and the .8-turn between the third and the fourth strands. This strategy of defining residual structure has also worked for cold-denatured barstar and guanidinium hydrochloridedenatured chymotrypsin inhibitor 2 and so should be generally applicable. (F3, F2, Fl) . The acquisition domain was zero-filled to 4096 complex points followed by application of a Gaussian window function. The F2 dimension was extended to 128 complex points by linear prediction (10). Fl and F2 dimensions were then zero-filled to 256 complex points and weighted with sine and Gaussian window functions respectively. All data were processed and analyzed in FELIX 2.3 (Biosym Technologies, San Diego).
ABSTRACT
Detailed characterization of denatured states of proteins is necessary to understand the interactions that funnel the large number of possible conformations along fast routes for folding. Nuclear magnetic resonance experiments based on the nuclear Overhauser effect (NOE) detect hydrogen atoms close in space and provide information about local structure. Here we present an NMR procedure that detects almost all sequential NOEs between amide hydrogen atoms (HN-HN NOE), including those in random coil regions in a protein, barnase, in urea solutions. A semi-quantitative analysis of these HN-HN NOEs identified partly structured regions that are in remarkable agreement with those found to form early on the reaction pathway. Our results strongly suggest that the folding of barnase initiates at the first helix and the .8-turn between the third and the fourth strands. This strategy of defining residual structure has also worked for cold-denatured barstar and guanidinium hydrochloridedenatured chymotrypsin inhibitor 2 and so should be generally applicable.
Small proteins can fold very rapidly from denatured states that could have an astronomical number of conformations. This has inspired theoreticians to search for processes that could narrow the search for the native state (1) (2) (3) (4) (10) . Fl and F2 dimensions were then zero-filled to 256 complex points and weighted with sine and Gaussian window functions respectively. All data were processed and analyzed in FELIX 2.3 (Biosym Technologies, San Diego).
Calculation of the R,. Rc was determined as 1/tm ln[(1 + x)/(l -x)], where tm is the mixing time and x is the experimental signal intensity ratio between NOE and diagonal peaks (11, 12) . Signal intensities of well-resolved cross-peaks were quantified as integrated peak areas by a lineshape fitting of one dimensional vectors (14), dNN is in the region of 2.8 A for a regular helix, whereas for (3-sheet structures, which occupy the 13-region of the ('D,P) space, dNN is around 4.3 A.
A random coil mainly occupies the 13-region, which results in an averaged distance of between 4.0 and 4.5 A. In theory, all of these values are within the limits of NOE detection. However, in practice, limitations are caused by intrinsic sensitivity and severe overlapping of signals.
We have used a three-dimensional 1H, 15N, 15N-HSQC-NOESY-HSQC experiment (7, 8) (11, 12) that estimates RCs based on the cross-peak-to-diagonal peak ratio. The "population weighted" RCs defining the dipolar interaction between two amide signals is given by (11, 12) [1] where x is the experimental intensity ratio of HN-HN NOE cross-peak-to-diagonal peak; tm is the mixing time; constant A = 0.2-y4(h/21T)2(Ao/4W)2, where -y is the magnetogyric ratio for hydrogen, h is Planck's constant, po is the permeability of free space; the term J = I6J(2WH) -J(0)1, where J(0) and J(2WH) are the spectral density functions at frequencies 0 and 2&H, respectively; r is the population averaged HN-HN distance.
The RC depends both on interproton distances and on dynamic behavior (16) . According to Eq. 1, large RCs correspond to a decrease in the average HN-HN distance r and/or an increase in the term J. Our results from 15N relaxation studies reveal that J(0) is at least two orders of magnitude larger than J(20H) (unpublished results). To a first approximation, J can be simplified, therefore, to J(0). To illustrate the physical meaning of J(0), J(0) = 2/5Tc (where Tc is the overall correlation time) in the simplified case of an isotropic sphere. In summary, an increase in Rc indicates either shorter averaged HN-HN distances and/or an increase in the effective correlation time, which reflects local restriction of backbone mobility. For residual structure populating the sterically allowed a-region of the ((D, T) space, shorter averaged HN-HN distances and increased effective correlation times both contribute to increased Rc. For residual structure occupying the ,3-region of the ((D, T) space, the averaged HN-HN distance is similar to random coil values, but the local restriction in mobility increases the effective correlation time. The RC is therefore a general parameter defining residual structure in denatured proteins. It has to be emphasized that (i) R, has a higher sensitivity to detect residual structure in the a-region of ((D, NI) space but does not exclude the detection of residual structure in the (3-region and (ii) the Rc, and hence NOE, reflects variations in interproton distances, as well as dynamic properties of the denatured state. To separate the contribution from interproton distances and effective correlation times, 15N relaxation time measurements are in progress to estimate the values of J(0).
Residual Structure in Urea-Denatured Barnase Defined by Rc. We have used RCs to quantify residual structure in ureadenatured barnase, the 110-residue ribonuclease whose folding pathway has been the subject of intense investigation (17) . Implications for the Folding of Barnase. Folding of barnase involves the rapid formation of an intermediate (I) followed by the rate determining transition state (TS) (Fig. 2) . The denatured state (D) can be described as an ensemble of interconverting conformers with transient structured regions, which are defined via RCs. On the other hand, the structure of the intermediate (I) and the transition state (TS) has been characterized by (F-value analysis, which measures the relative degree of formation of structure by analyzing the kinetics of folding and unfolding of mutants (17, 19) . This combined approach of using Rc and (F-value analysis thus provides a detailed structural study of all major species along the folding coordinate.
We find a striking correlation between residual structure in the urea-denatured state and regions that were found to fold early from protein engineering methods. Residual structure in the denatured state (D) as defined by large RCs is found in the following regions (Fig. 3A) : (i) near the C terminus of the first helix, (ii) in the loop connecting the first and second helices, (iii) near the (3-turn between the third and the fourth strands, and (iv) to a lesser extent, in the second helix. The structure of the intermediate (I) involves tertiary interactions among the first helix, the third and the fourth strands, and the C-terminal residues (Fig. 3B) . Partial (F-values for most of these regions suggest either a partially folded structure or a population of different states. Moving to the transition state (TS) (Fig. 3C) , the structure found in the intermediate (I) consolidates with most of the (F-values increased to 1, indicating fully formed interactions in these regions. That residual structure is found in only the first helix and the 13-turn between the third and the fourth strands, but not in the C terminus, suggests that (i) the first helix and the 13-turn are initiation sites for folding and (ii) these two initiation sites develop into a nucleus for folding, which contains tertiary interaction involving the C-terminal residues. Our findings agree with the nucleation-condensation mechanism for protein folding (20) , which proposes that there are embryonic initiation sites that are dominated by local interactions among adjacent residues, which develop into nucleation sites when they are stabilized by making interactions with residues remote in the primary sequence. Residual structure found in the second helix and the loop between the first and the second helices is clearly not, therefore, productive as the initiation site. Our results strongly indicate that helix formation in the first helix is initiated at the C terminus, consistent with the (-Fvalue analysis. Moreover, the RC rates are the largest among the residues near the 13-turn between the third and the fourth strands. It is tempting to assume that the 13-turn is the starting point for 13-sheet formation.
Conclusions. We have found that in denatured proteins, HN-HN NOEs are observed for regions with populations of structured conformations, as well as for unstructured random coil regions. This implies that qualitative observation of HN-HN NOEs alone is inadequate to define residual structure in denatured proteins. An approach that normalizes HN-HN NOEs as cross-peak-to-diagonal peak ratio was used to identify residual structure in urea-denatured barnase. Regions with residual structure, defined by Rcs, show a remarkable correlation with regions that fold early. This suggests that these regions are potential initiation sites for protein folding. The conformational preferences of the denatured state are sufficient to narrow the search for the native structure under conditions that favor folding and funnel the reaction to the major transition state. The Rc can be used to define residual structure in denatured proteins and, in combination with protein engineering results, may be able to identify initiation sites of folding.
